We present numerical modelling of particle acceleration at coronal shocks propagating through a streamer-like magnetic field by solving the Parker transport equation with spatial diffusion both along and across the magnetic field. We show that the location on the shock where the high-energy particle intensity is the largest, depends on the energy of the particles and on time. The acceleration of particles to more than 100 MeV mainly occurs in the shock-streamer interaction region, due to perpendicular shock geometry and the trapping effect of closed magnetic fields. A comparison of the particle spectra to that in a radial magnetic field shows that the intensity at 100 MeV (200 MeV) is enhanced by more than one order (two orders) of magnitude. This indicates that the streamer-like magnetic field can be an important factor in producing large solar energetic particle events. We also show that the energy spectrum integrated over the simulation domain consists of two different power laws. Further analysis suggests that it may be a mixture of two distinct populations accelerated in the streamer and open field regions, where the acceleration rate differs substantially. Our calculations also show that the particle spectra are affected considerably by a number of parameters, such as the streamer tilt angle, particle spatial diffusion coefficient, and shock compression ratio. While the lowenergy spectra agree well with standard diffusive shock acceleration theory, the break energy ranges from ∼1 MeV to ∼90 MeV and the high-energy spectra can extend to ∼1 GeV with a slope of ∼2-3.
INTRODUCTION
Charged particles can be accelerated to energies beyond a few GeV near the Sun during large solar eruptions such as flares and coronal mass ejections (CMEs) (see reviews, Reames 1999; Desai & Giacalone 2016 ). Large solar energetic particle (SEP) events are usually defined as the proton flux in the >10 MeV GOES energy channel exceeding 10 particle cm −2 s −1 sr −1 (particle flux unit, pfu)
and there have been about 10 events observed per year during solar maximum. Those events are of particular interest to space weather because of their severe radiation threats to human activities in space. In some extreme SEP events, so-called ground level enhancements (GLEs), the ∼GeV ions can produce sufficient secondary particles detectable by ground-based neutron monitors. There have been only 2 GLE events recorded in solar cycle 24 (Gopalswamy et al. 2013a (Gopalswamy et al. , 2018 , in comparison to 16 events in solar cycle 23. Although it is known that the solar activity is weak in this solar cycle, the physical reason for the lack of large SEP and GLE events remains unclear (see, e.g., Gopalswamy et al. 2013a Gopalswamy et al. , 2014 Giacalone 2015; Mewaldt et al. 2015; Vainio et al. 2017) .
In large SEP events, high-energy particles are generally believed to be accelerated by shock waves driven by fast CMEs (Reames 1999; Desai & Giacalone 2016) . Recent observations have shown that CME-driven shocks can form in the low corona and are capable of accelerating particles to high energies (see, e.g., Bemporad & Mancuso 2010; Ma et al. 2011; Gopalswamy et al. 2012 Gopalswamy et al. , 2013b .
Type II solar radio bursts are produced by electrons accelerated at shocks driven by solar eruptions (Nelson & Melrose 1985) , and therefore they are commonly used as an indicator for the formation of shocks. Gopalswamy et al. (2013b) measured the leading edges or outermost fronts of CMEs at the starting time of associated Type II burts for 32 events in solar cycle 24, and found that the shock can form at heights below 1.5 R . For GLE events in solar cycle 23, Gopalswamy et al. (2012) showed that the shock formation heights deduced from the onset of Type II bursts are in the narrow range 1.3 to 1.8 R , with a mean value of ∼1.5 R , and the CME heights at GLE particle release range from 1.7 to 4 R , with an average of 3.1 R for well-connected events (see also , Reames 2009a,b) .
The primary acceleration region along the CME shock, i.e., where most of high-energy particles are produced, is a key issue that remains not well known. It has been shown that in large gradual SEP events the main source of SEPs can be at both the shock nose (e.g., Cane et al. 1988; Reames et al. 1997; Lario et al. 2017 ) and the shock flank (e.g., Kahler 2016; Gopalswamy et al. 2018 ). The magnetic field configuration is of great importance for determining the primary acceleration region because the acceleration rate strongly depends on the angle θ Bn between the upstream magnetic field and the shock normal. In the diffusive shock acceleration (DSA) theory, particles are accelerated more rapidly at a nearly perpendicular shock than at a parallel shock (Jokipii 1987; Giacalone 2005a,b) . It is known that the magnetic field configuration in the corona is very complicated, consisting of largescale closed field structures such as coronal loops and streamers. Therefore, when a CME-driven shock forms in the corona, the shock angles along the nonplanar front can vary significantly as it sweeps through the coronal magnetic field (e.g., Kozarev et al. 2013; Schwadron et al. 2015 ), resulting in different particle acceleration rates (e.g., Giacalone 2005a,b; Tylka et al. 2005; Tylka & Lee 2006) .
In this study, we will emphasize the importance of coronal magnetic field configuration for particle acceleration at CME-driven shocks.
In the solar corona, streamers are the most prominent quasi-steady structures and CMEs commonly interact with streamers as they expand or move outward (e.g., Chen et al. 2010; Feng et al. 2011) .
Recent observations have shown that Type II bursts are often associated with the interaction between shocks and streamers (e.g., Reiner et al. 2003; Mancuso & Raymond 2004; Cho et al. 2008; Feng et al. 2012 Feng et al. , 2013 Kong et al. 2012 Kong et al. , 2015 Chen et al. 2014) or the shock propagating through highdensity coronal loops (e.g., Pohjolainen et al. 2008; Cho et al. 2013; Kumar et al. 2016) . Kong et al. (2015 Kong et al. ( , 2016 investigated the effect of a streamer-like magnetic field on electron acceleration at an outward-propagating coronal shock using test-particle simulations, and found that the primary electron acceleration region shifts as the shock propagates and the electron acceleration is more efficient when electrons are trapped in the closed field lines compared to electrons injected in open field regions.
However, it remains unclear what is the effect of streamers or CME/shock-streamer interaction on the acceleration, trapping and release of SEPs (see, e.g., Kahler et al. 2000; Kahler 2005; Rouillard et al. 2016; Kocharov et al. 2017) . Kocharov et al. (2017) made detailed multi-wavelength analysis of two GLE events, and suggested that relativistic protons initially accelerated during the flare and CME launch could be trapped in large-scale magnetic loops and later released by the expansion of CME and interaction of the CME with coronal streamers. A CME may originate below or outside of a streamer depending on the location of its active region, therefore the primary particle acceleration region (with perpendicular shock geometry) can occur both at the CME nose and flanks. The two GLE events in this solar cycle occurred on 2012 May 17 (Gopalswamy et al. 2013a; Shen et al. 2013; Rouillard et al. 2016 ) and 2017 September 10 (Cohen & Mewaldt 2018; Gopalswamy et al. 2018; Guo et al. 2018; Luhmann et al. 2018; Zhao et al. 2018b) , respectively. In the first event the CME originated below the streamer belt (Rouillard et al. 2016) , while in the second event the CME eruption region is located outside and near the edge of the streamer belt (Luhmann et al. 2018) . Observations of CME/shock-streamer interaction for the two GLE events are presented in the Appendix.
Recently, Kong et al. (2017) presented a numerical model to investigate particle acceleration at CME-driven shocks close to the Sun, by considering a coronal shock with a kinematic description propagating through a streamer-like magnetic field that is analytically given (Low 1986 ). Particle acceleration is studied by solving the Parker transport equation (Parker 1965) with both parallel and perpendicular diffusion. They showed that particles can be sufficiently accelerated to above 100 MeV within 2-3 R , and when the shock propagates through a streamer-like magnetic field, particles are more efficiently accelerated due to perpendicular shock geometry and the natural trapping effect of closed magnetic field lines. In this study, we further investigate the effect of large-scale streamer-like magnetic configuration on particle acceleration at coronal shocks when the CME-shock originates outside of the streamer and propagates through the streamer from the flank.
The rest of this paper is organized as follows. In Section 2, we describe the numerical model. In Section 3, we present the simulation results including the spatial distribution and energy spectra of accelerated particles. We also examine the effect of various parameters such as the diffusion coefficient on the particle energy spectra via a parameter study. In Section 4, we discuss the occurrence of double-power-law features in particle energy spectra. Conclusions are given in Section 5.
NUMERICAL MODEL
In this study, we further investigate the effect of large-scale streamer-like magnetic configuration on particle acceleration at coronal shocks using the numerical model developed by Kong et al. (2017) .
A schematic of the numerical model is shown in Figure 1 . We consider a CME-driven shock originates outside of the streamer and propagates through the streamer from the flank. The outwardpropagating coronal shock is represented by an expanding circular front. The background coronal magnetic field is taken to be an analytical solution of a streamer-like configuration (Low 1986 ). In the reference simulation, the streamer-like magnetic field is rotated by 45
• toward the solar south pole, referred to as the streamer tilt angle Θ tilt . We also examine the effect of Θ tilt by considering the cases Θ tilt = 30
• and 60
• . The acceleration of protons in the shock-streamer system is modelled by numerically solving the Parker transport equation (Parker 1965 ) using a stochastic integration method (e.g., Guo et al. 2010; Senanayake & Florinski 2013; Li et al. 2018) .
As shown in Figure 1 , we use two coordinate systems simultaneously. In the helicocentric Cartesian coordinate system (x, y, z), the origin is at the center of the Sun, with the z-axis being the solar rotation axis and the x-axis being toward the intersection of the solar equator and solar central meridian. Note that the analytic solution of the coronal magnetic field is axisymmetric about the solar rotation axis (Low 1986 ). We only consider a two-dimensional simulation in the x-z plane. In the shock coordinate system (R, Θ) in the x-z plane, the origin is set to be at the center of the shock.
The R direction points outward radially from the shock center (i.e., along the shock normal), and Θ is defined as the angle with respect to the x axis and ranges from −π/2 to π/2.
We assume a circular shock front forms with an initial radius of 0.2 R (at t = 0) and moves outward with a constant speed V sh = 2000 km s −1 . The center of the shock is fixed in the solar equatorial plane at a height of 0.1 R above the solar surface, which is a reasonable assumption in the low corona region since the expansion is usually dominant in the initial phase of CMEs (e.g., Kwon et al. 2014; Liu et al. 2019) . In recent observational studies, the density compression ratios along the shock fronts were deduced to be in the wide range of 1 to 3 (e.g., Bemporad & Mancuso 2010; Bemporad et al. 2014; Susino et al. 2015; Kwon & Vourlidas 2018) . For the reference run, the shock compression ratio X is 3. We also examine the effect of varying X and consider two other values, 2 and 2.5, respectively.
We describe the sharp variation in the shock layer by a hyperbolic tangent function. In local shock frame, the fluid velocity along the shock normal is given by,
where x is the distance to the shock front along the shock normal, U 1 and U 2 are the upstream and downstream normal flow speeds, and δ sh is the width of the shock. To obtain the correct solution of DSA, the width of the shock δ sh should be much smaller than the characteristic diffusion length at the shock front L d = κ nn /V sh , where κ nn is the diffusion coefficient in the direction normal to the shock.
We take δ sh = 4 × 10 −5 R in our simulations to ensure that this condition is satisfied. Note that the shock thickness resolved in our approach is much smaller than the cell size of MHD simulations which are used to provide flow and magnetic fields for the calculation of particle acceleration in a similar way (e.g., Kozarev et al. 2013; Schwadron et al. 2015) .
The magnetic field is compressed when it is swept by the shock into the downstream region. In the shock layer (within 8 δ sh ), the magnetic field is determined by the MHD shock jump conditions in the local shock frame. The transverse component of the magnetic field with respect to the shock surface is given by B Θ = B Θ0 V sh /U (x ), where B Θ0 is the transverse component of the background field and
x is the distance to the shock front along the shock normal. The normal component of the magnetic field B R remains unchanged. In the downstream region, the magnetic field is obtained from the ideal MHD induction equation (Kong et al. 2017 ). While our two-dimensional treatment is simplistic and leads to non-zero divergence of magnetic field at the shock front, we argue that particle acceleration and transport mainly depend on large-scale magnetic field geometry. However, we do acknowledge that the errors in magnetic field within the transition layer can mismatch parallel diffusion and perpendicular diffusion, and may influence our results. In the future three-dimensional studies, we will use more sophisticated treatment for ensuring the exact solution of Maxwell's equations (e.g.,
Giacalone 2017).
For diffusion coefficients used in the Parker transport equation, we first obtain particle diffusion both along and across the magnetic field for the reference run from a few considerations, and then vary them and see how the key results change. The diffusion coefficient tensor is given by,
where κ and κ ⊥ are the parallel and perpendicular diffusion coefficients, and B i is the average magnetic field vector. Note that the antisymmetric diffusion coefficient κ A related to particle drifts is neglected here because the gradient and curvature drifts are out of the simulation plane. κ can be calculated from the quasilinear theory (Jokipii 1971) . We assume the magnetic turbulence is well developed and has a Kolmogorov power spectrum P ∝ k −5/3 . When the particle gyroradius is much smaller than the correlation length of turbulence, the resulting diffusion coefficient κ ∝ p 4/3 . The value of κ has the following expression (Giacalone & Jokipii 1999) ,
where v is the particle speed, L c is the turbulence correlation length, σ 2 is the normalized wave variance of turbulence, and Ω is the particle gyrofrequency. The magnetic field and turbulence property in the corona is highly unknown as no in situ observation is available (see Zhao et al. (2018a) for latest observation of turbulence properties at 1 AU). For the reference run, we assume the average magnetic field in the simulation domain B 0 = 1 G, the turbulence correlation length L c = 0.01 R , and the turbulence variance σ 2 = δB 2 /B 2 0 = 0.14. The assumption of correlation length is similar to models of solar wind heating. For example, Hollweg (1986) assumed that the correlation length L c = 7520 (B/1 G) −1/2 km (∼0.01 R for B 0 = 1 G) based on the assumption that the correlation length is related to mean flux tube spacing, which in turn is related to the average field strength. Interplanetary observation of magnetic fluctuations suggests that the mean values of turbulence variance can be ∼0.4 (e.g., Bavassano et al. 1982) . Then, κ 0 = 1.4 × 10 17 cm 2 s −1 for the proton initial energy E 0 = 100 keV. This value is similar to the choice found in previous works (e.g., Sokolov et al. 2004; Kocharov et al. 2012; Giacalone 2015) .
In the simulations, we normalize the length L 0 = 1 R = 7 ×10 5 km and the velocity
We also consider κ 0 /κ 0 = 0.1 (σ 2 = 0.014) and 0.003 (σ 2 = 0.4) to examine the effect on particle acceleration. Test-particle simulations have suggested that the perpendicular diffusion coefficient κ ⊥ is about a few percent (0.02-0.04) of the parallel diffusion coefficient κ and their ratio κ ⊥ /κ is nearly independent of particle energy (Giacalone & Jokipii 1999) . We take κ ⊥ /κ = 0.04 in the reference run, and also consider κ ⊥ /κ = 0.01 and 0.003 to study its effect.
When the shock propagates outward, we inject protons with an initial energy E 0 = 100 keV continuously into the immediate region upstream of the shock at a constant rate. In each simulation, a total of 1.2 ×10 5 pseudo-particles are injected. We use a particle splitting technique to improve the statistics in the particle distribution at high energies (see, e.g., Giacalone & Jokipii 1996) . For the reference run, at the end of the simulation, the total number of "daughter" particles with decreased weight is about six times more than the injected. The injection energy used here is roughly equal to what is required for the Parker transport equation to describe the acceleration process, i.e., the streaming anisotropy is small enough (Giacalone & Jokipii 1999) . A particle will be removed from the simulation if it reaches the z-axis or hits the solar surface.
As mentioned above, to study the effect of various parameters on particle acceleration, such as the streamer tilt angle (Θ tilt ), particle spatial diffusion coefficient (by varying κ 0 /κ 0 and κ ⊥ /κ ), and shock compression ratio (X), we do a parameter study by including eight simulations in addition to the reference run. A summary of the parameters that are varied in the simulations is listed in Table   1 .
3. SIMULATION RESULTS
Results for Run 1
We first present the results for the reference simulation, i.e., Run 1 in Table 1 . Figure 2 shows the spatial distributions of accelerated particles when the shock moves to three different heights, i.e., paper refer to that of the outermost shock front at the equator, which is 1.3 R in the beginning of the simulation (t = 0). The particles with relatively lower energies (10-30 p 0 , 10-90 MeV) are shown in the upper panels and with higher energies (>30 p 0 , >90 MeV) are shown in the lower panels. Note that the associated animation shows the temporal evolution of particle distributions for three energy ranges, including the low-energy range <10 MeV not shown in the paper. The primary sources for particles with different energies are located at different regions and vary significantly as the shock propagates and expands. As shown in Figure 2 , and the associated animation, relatively lower-energy (10-90 MeV) particles are initially accelerated at the upper flank of the shock in the open field region where the shock is perpendicular. Very few particles are accelerated to >90 MeV when the shock is still below 2 R . Later, energetic particles begin to appear at the lower shock flank in the streamer region. As the shock moves to 3 R , both 10-90 MeV and >90 MeV particles have the highest intensities in this region. This indicates that the streamer-like field plays a critical role for particles accelerated to above ∼100 MeV, consistent with the results in our previous study (Kong et al. 2017) . While the earlier study (Kong et al. 2017 ) has shown the shock-streamer interaction region can be a vital acceleration site for high-energy SEPs, the current simulation reveals a more complicated energetic particle distribution when the shock is propagating at a tilted angle compared to the streamer. For rest of the paper we will explore the consequence of this in more details.
For a planar shock with a compression ratio X = 3, the DSA theory predicts a power-law spectrum of particle distribution function f (p) ∝ p −3X/(X−1) = p −4.5 . Therefore, the particle differential intensity
.25 for non-relativistic particles. Figure 3 (a) shows the energy spectra of accelerated particles integrated over the whole simulation domain when the shock propagates to six different heights ranging from 1.5 to 4 R . At low energies, the particle spectra are approximately a power law with a slope of −1.25, agreeing well with the slope predicated by DSA theory. At high energies, the spectra break and roll over differently. Noticeably, the spectrum resembles a double power-law spectrum with a second power-law feature emerges in 10-100 MeV when the shock front arrives at 3-4 R . We then fit the spectrum according to the Band function form (Band et al. 1993 )
which has four parameters. Here C is the normalization constant, γ 1 and γ 2 are the power-law indices for low-energy and high-energy particles, and E B is the break energy. The fitted spectrum to the particle spectrum at 3.5 R (blue line) with the double power law function is shown in Figure 3(b) as the dash-dotted line (multiplied by a factor of 10). The fitted parameters are γ 1 = 1.25, γ 2 = 2.25, E B = 20 MeV, and C = 3×10 2 (see also Figure 8(a) ). Note that in this study we do not try to fit the spectrum in the whole energy range (e.g., the rapid rollover at the high-energy end), but give priority to a better fit to the low-energy portion. We will further discuss the emergence of double-power-law feature in particle spectra in Section 4.
As shown in Figure 3 (a) and the associated animation, when the shock moves from 2.5 to 3 R , the particle intensity around and above 100 MeV is enhanced dramatically. During this period, a nearly perpendicular shock geometry forms at the lower shock flank as the shock propagates through the streamer field, therefore resulting in much faster acceleration. In addition, the closed field lines of the streamer also contribute to efficient acceleration by trapping particles upstream of the shock.
The configuration is similar to that occurring at the shock nose as shown in Kong et al. (2017) .
We repeat the simulation of particle acceleration in a simple radial magnetic field as shown in Kong et al. (2017) , and compare the particle spectra with Run 1 at three different shock heights in Figure   3 (b). The particle spectra for the two simulations are overlapped below 10 MeV, approximately a power law with a slope of −1.25. In the radial magnetic field, the particle spectra at different heights break around 10 MeV and roll over in a similar manner. In the streamer field case, the maximum energy achievable is much higher, and a significant amount of particles can be accelerated to >100
MeV. At 3-3.5 R , the particle intensity at 100 MeV (200 MeV) is enhanced by more than one order (two orders) of magnitude in Run 1 compared to that in a radial field. Therefore, particle acceleration at a coronal shock propagating through the streamer-like field is much more efficient than that in a simple radial field. This indicates that the coronal magnetic field configuration can play an important role in producing large SEP events.
Effect of the streamer tilt angle
A CME-driven shock can interact with the streamer field at different shock heights depending on the shock speed and the distance between the CME eruption region and the streamer. Thus, the shock geometry and its temporal evolution in the shock-streamer interaction region can vary greatly for different events. Here we examine the effect of streamer tilt angle (Θ tilt ) on particle acceleration by considering other two cases, i.e., the streamer field rotated by 30
• . A comparison of particle spectra for the three simulations, Runs 1, 2, and 3 in Table 1 , is shown in Figure 4 . At low shock heights, there are no significant difference. At the shock propagates outward, a rapid hardening in particle spectrum above tens of MeV occurs between 2-2.5 R in Run 2, between 2.5-3 R in Run 1, and between 3-3.5 R in Run 3. This is because the configuration favorable for rapid acceleration of particles start to form later when Θ tilt is larger.
We fit the particle spectra at 3.5 R (blue lines) for the three runs with a double power law function, as denoted by black dot-dashed lines (see also Figure 8 
(a), (b), (c)). The break energy decreases as increasing Θ tilt from 30
• to 60
• , being 25 MeV, 20 MeV, and 13 MeV, for Runs 2, 1, and 3, respectively. The high-energy power law slope is similar for Runs 1 and 2 (γ 2 = 2.25), but is slightly steeper for Run 3 (γ 2 = 2.4).
Effect of the value of diffusion coefficient
The diffusion coefficient describes how well the particles are confined near the shock, therefore has a critical effect on the particle acceleration rate. The characteristic time for particles to be accelerated from p 0 to p at a planar shock is given by (e.g., Drury 1983),
where the subscripts x and xx refer to the direction normal to the shock, 1 and 2 the upstream and downstream regions of the shock. Thus, for a smaller diffusion coefficient, the acceleration time is shorter, and the maximum energy attainable will be larger.
We examine the effect of the value of diffusion coefficient by adopting different values of κ 0 /κ 0 and keeping the same ratio κ ⊥ /κ . Figure 5 shows the temporal evolution of particle spectra for Runs 1, 4, and 5, with κ 0 /κ 0 being 0.01, 0.1, and 0.003, respectively. Note that for clarity we only plot particle spectra at three shock heights because the spectral slopes vary greatly for different values of κ 0 /κ 0 . As expected, when the diffusion coefficient is smaller, the particle spectrum is significantly harder. At 3.5 R , the particle intensity at 100 MeV is enhanced by nearly one order of magnitude for Run 5 compared to Run 1, while the maximum energy in Run 4 is only ∼30 MeV.
Same as Figure 4 , the fittings of particle spectra at 3.5 R (blue lines) for the three runs with a double power law function are denoted by black dot-dashed lines (see also Figure 8 
Effect of the value of perpendicular diffusion
Perpendicular diffusion plays an important role in particle acceleration at quasi-perpendicular shocks and longitudinal transport of SEPs. Generally charged particles tend to move following individual field lines. The diffusion of particles perpendicular to the mean magnetic field includes two forms, the actual crossing of field lines due to scattering or drift and random walking along meandering field lines. Previous test-particle calculations give a perpendicular diffusion coefficient of about a few percent of the parallel diffusion and nearly independent of particle energy (Giacalone & Jokipii 1999 ). Here we examine the effect of perpendicular diffusion by adopting three different values of κ ⊥ /κ , being 0.04, 0.01, and 0.003, in Runs 1, 6, and 7, respectively. Figure 6 shows the temporal evolution of particle spectra for the three cases. The high energy portion of the spectra rolls over more slowly in Runs 6 and 7 than in Run 1. This indicates that the maximum energy of particles is much higher when κ ⊥ /κ is smaller. We fit the particle spectra at 3.5 R (blue lines) for the three runs with a double power law function, as denoted by black dot-dashed lines (see also Figure 8 (a), (f), (g)). The break energy (E B = 20 MeV) and the high-energy spectral slope (γ 2 = 2.25) do not vary with κ ⊥ /κ , but the high-energy power law extends to much higher energies, ∼400 MeV in Run 6 and ∼1 GeV in Run 7, compared to ∼100 MeV in Run 1.
Effect of the shock compression ratio
It is known that strong shocks are more rapid accelerators of particles than weak shocks. In the DSA theory, the power law slope of particle distribution function only depends on the compression ratio (X) when applied to a planar shock, i.e., α = −3X/(X − 1). The particle spectrum is steeper for smaller X. Recent observations have shown that the density compression ratio along the shock front is in the wide range of 1 to 3 (e.g., Bemporad & Mancuso 2010; Bemporad et al. 2014; Susino et al. 2015) . We examine the effect of the compression ratio by considering three different values of X, being 3, 2.5, and 2 in Runs 1, 8, and 9, respectively. Figure 7 shows the temporal evolution of particle spectra for the three cases. As expected, the particle spectra in Runs 8 and 9 drop more steeply at high energies than in Run 1. The particle intensity around 100 MeV is declined by nearly one order (two orders) of magnitude in Run 8 (Run 9). We fit the particle spectra at 3.5 R (blue lines) for the three runs with a double power law function, as denoted by black dot-dashed lines (see also Figure 8 
(a), (h), (i)). The break energy E B
decreases when X is smaller, being 20 MeV, 15 MeV, and 7 MeV, in Runs 1, 8, and 9, respectively.
Both the low-energy and high-energy power law slopes get steeper. γ 1 increases from 1.25 to 1.5 and 2, and γ 2 increases from 2.25 to 2.5 and 2.8.
DISCUSSION ON THE DOUBLE-POWER-LAW FEATURE IN PARTICLE ENERGY

SPECTRA
In many large SEP or GLE events, the particle energy spectra exhibit spectral breaks or rollovers at high energies. It was also shown that the break energies depend on the ion charge-to-mass ratio Mewaldt et al. 2005; Desai et al. 2016b ). The broken spectra are usually described either by a power law with exponential rollover (Ellison & Ramaty 1985) or a double power law (Band et al. 1993) . Mewaldt et al. (2012) analyzed 16 GLE events in solar cycle 23 and found that the proton spectra show spectral breaks at energies ranging from ∼2 to ∼46 MeV and can be well fitted by a double power law up to ∼500-700 MeV (see also, Desai et al. 2016a,b; Wu & Qin 2018) . Cohen & Mewaldt (2018) also found that the particle spectra for proton and other ions in the 2017 September proton). However, Bruno et al. (2018) showed that the particle spectra between ∼80 MeV and a few GeV in 26 major SEP events observed by PAMELA are well described by a power law with exponential rollover, with a spectral slope of 2.2 and break energy at ∼170 MeV on average.
The steady-state DSA predicts a power law spectrum for a planar shock. However, the physical mechanism responsible for producing spectral breaks, particularly the double power law spectra, is unclear. Spectral breaks may occur due to effects such as finite acceleration time, finite shock size, shock geometry, and adiabatic cooling (e. Figure 8 shows the particle spectra when the shock moves to 3.5 R for all simulations. The spectrum integrated for all particles over the whole domain is plotted by the blue line, while the spectra in streamer and non-streamer regions are plotted by thin red and green lines, respectively. In all cases, the particle spectra from streamer regions have much higher rollover energies, but relatively lower intensity in low energy ranges. That is, the low-energy spectra are dominated by particles from non-streamer region, while the high-energy spectra are dominated by particles from streamer regions.
We fit all the integrated spectra (blue lines) with a double power law function, as denoted by the black dotted lines. It implies that the combination of two particle spectra ordered like these can readily produce a double power law feature in the combined spectra. In observations, the event-integrated SEP spectra obtained at 1 AU may sample energetic particles accelerated at different locations along the shock due to cross-field diffusion or even from different CME-driven shocks, therefore the double power laws observed in large SEP events may also be affected by the mixing of SEPs from different source regions.
CONCLUSIONS
In this study, we have further investigated the effect of large-scale coronal magnetic configuration on particle acceleration at coronal shocks. The shock is represented by an expanding circular front and the coronal magnetic field is given by an analytical solution of a streamer-like configuration (Kong et al. 2017) . The acceleration of particles at the shock is modelled by numerically solving the Parker transport equation through a stochastic integration method. We consider a CME-driven shock originates outside of the streamer and propagates through the streamer from the flank. We also conduct a parameter study to examine the effect of various parameters on particle acceleration at coronal shocks, such as the streamer tilt angle, particle spatial diffusion coefficient, and shock compression ratio.
Our calculations show that the primary acceleration regions differ significantly for particles with different energies and vary as the shock propagates. For example, 10-90 MeV particles are initially accelerated at the upper shock flank in the open field and later begin to appear at the lower shock flank in the streamer region, while >100 MeV particles are mainly accelerated in the shock-streamer interaction region. A comparison of the particle spectra to that in a radial magnetic field shows that the particle intensity at 100 MeV (200 MeV) is enhanced by more than one order (two orders) of magnitude in the streamer field. This indicates that the streamer-like magnetic field can be an important factor in producing large SEP events, consistent with the results in Kong et al. (2017) .
In addition, the particle spectra at 3-4 R can be well fitted with a double power law up to ∼100
MeV. At energies below ∼10 MeV, the spectra are a power law with a slope of −1.25, agreeing well with the slope predicated by DSA theory. At higher energies up to ∼100 MeV, a second power law emerges, with a slope of about −2.25. The break energy E B is around 20 MeV.
Our calculations also show that the particle spectra are affected considerably by a number of parameters. When the streamer tilt angle Θ tilt increases from 30
• to 60 • , the break energy E B declines from 25 MeV to 13 MeV, and the high energy power law slope is steeper, with γ 2 varying from 2.25 to 2.4. When the diffusion coefficient is smaller by reducing κ 0 /κ 0 from 0.1 to 0.003, the particle spectrum gets significantly harder, with E B increasing from 0.8 MeV to 90 MeV, and the high-energy end of the second power law extending from ∼10 MeV to ∼700 MeV. When the perpendicular diffusion is smaller by reducing the ratio κ ⊥ /κ from 0.04 to 0.003, E B and γ 2 do not change, but the high-energy power law can extend to ∼1 GeV. When the shock is weaker by reducing X from 3 to 2, the particle spectra drop more steeply at high energies, with E B decreasing to 7 MeV, and γ 1 and γ 2 increasing to 2 and 2.8, respectively.
The physical mechanisms for double power laws observed in many large SEP or GLE events remain unclear. Our study shows that a double power law feature emerges readily in particle spectra during acceleration at coronal shocks. Further analysis suggests that it may be a mixture of two distinct populations accelerated mainly in the streamer and open field regions, where the particle acceleration rate differs substantially. Because the event-integrated spectra observed at 1 AU can sample
SEPs from different shock regions or sources due to cross-field diffusion, the mixing effect may also contribute to the formation of double power laws at 1 AU. It is known that the SEP spectra observed at 1 AU are smeared during interplanetary transport, due to effects such as pitch angle scattering and mixing of different sources. The recently launched Parker Solar Probe (PSP) will provide observations close to the particle acceleration site near the Sun and help improve our understanding of the acceleration and transport of SEPs and the formation of spectral breaks (Desai & Giacalone 2016) . A clear prediction from the current study is that PSP may observe energetic particles from individual source regions before they are mixed together.
The shock-streamer interaction configuration in this work may also have important implications for sustained γ-ray emission (SGRE) events, in which γ-ray emission above 100 MeV can last for hours after the flare impulsive phase (see, e.g., Kahler et al. 2018; Klein et al. 2018; Share et al. 2018 , and references therein). The >100 MeV γ-ray emission is thought to be produced by the decay of pions from interactions of >300 MeV protons with background ions in the solar atmosphere. About 30 SGRE events have been observed by F ermi since its launch in 2008, including the two GLE events in this solar cycle. SGRE events pose a challenge to models of particle acceleration and transport.
Most of latest works favor the CME-driven shock acceleration as the source of high-energy protons, but how the accelerated particles precipitate to the solar photosphere to produce the prolonged γ-ray emission remain elusive. As shown in our study, the shock-streamer interaction configuration can provide both efficient acceleration and trapping of energetic particles due to closed field lines of streamers (Hudson 2018; Kahler et al. 2018) . Future work will focus on the transport of high-energy protons accelerated by the CME-driven shocks and implications for SGRE events.
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